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Introduction
When patients are acutely ill, it can be challenging to identify those likely to deteriorate who need urgent intervention. Acute changes in physiological parameters (heart rate, systolic blood pressure, respiratory rate, oxygen saturation, level of consciousness and temperature) occur before deterioration. Early detection of changes in these parameters provides an opportunity to initiate a prioritised clinical response and prevent serious health outcomes [1] [2] [3] . Early Warning Scores (EWS) were developed to reliably and systematically identify patients who are deteriorating. In the UK there are different EWS systems in use, mostly in hospital settings [4] [5] [6] . In 2012 the Royal College of Physicians (RCP) developed a National Early Warning Score (NEWS) to facilitate a standardised approach [3] .
Recently, NEWS has been advocated for use in pre-hospital settings in the UK, such as general practice, mental health services, and ambulance services [3, 7] . Use of pre-hospital EWS is controversial due to lack of evidence of effectiveness in these settings [8] [9] [10] . EWS systems were developed using observations from hospitalised patients where EWS are recorded over a period of time, allowing tracking of a patient's progress or deterioration. This leads to a pre-defined response designed to ensure prompt recognition and treatment of deterioration [5, 11, 12] . In pre-hospital settings, EWS should be used as an adjunct to clinical decision making rather than replacing it.
We conducted a systematic review on the use of EWS, comprised of at least three physiological parameters, in pre-hospital settings. We aimed to summarise current evidence of effectiveness and predictive accuracy of EWS in these settings.
Methods
The review followed guidance published by the Centre for Reviews and Dissemination and the Cochrane Collaboration [13, 14] , and was registered on the PROSPERO database (id CRD42017059305) [15] . We followed the new PRISMA guidelines for DTA reviews when reporting results [16] .
Study identification
Embase (OvidSP), Medline (OvidSP), Medline In-Process Citations & Daily Update (OvidSP), PsycINFO (OvidSP), CINAHL (Cumulative Index to Nursing and Allied Health Literature) (EBSCO), Science Citation Index (SCI) (Web of Science), Cochrane Database of Systematic Reviews (Wiley) and the Database of Abstracts of Reviews of Effects (DARE) (CRD, York) were searched from inception to August 2017. Search strategies combined terms for early warning scores with terms for pre-hospital setting (Medline search strategy available as a Web Appendix). A Google search for 'grey literature' was carried out in November 2016 using keywords 'early warning scor*, 'early warning system* and 'EWS'. Websites of organisations identified as likely to have further relevant material were then also searched. Searches were not limited by language, date or publication status (unpublished or published). References of included studies were screened to identify additional relevant studies.
Study selection
We included studies that provided information on accuracy of EWS for predicting outcomes or compared outcomes in a population that used EWS with one that did not, in any pre-hospital setting. The review was restricted to studies of adults over 16; studies of pregnant women were excluded. EWS were included if they aggregated three or more physiological parameters to produce a single score. Scores designed for specific conditions such as sepsis or acute kidney injury were excluded. Studies had to report data on serious health outcomes such as mortality, cardiac arrest, intensive care unit (ICU) admission or the length of hospital/ICU stay. Accuracy studies were required to report sufficient data to construct 2 × 2 tables of predictive performance or a measure of accuracy (e.g. area under curve, sensitivity or specificity). Search results and full text articles were independently assessed by two reviewers; disagreements were resolved through consensus or referral to a third reviewer.
Data extraction and quality assessment
We extracted data on inclusion/exclusion criteria, type of pre-hospital setting, patient demographics, EWS, EWS threshold, outcome(s) assessed, 2 × 2 tables of EWS performance and reported estimates of accuracy. Area under the receiver operating characteristic curve (AUC), sensitivity, specificity, and positive and negative likelihood ratios were either extracted directly from the papers or calculated from 2 × 2 tables, where available. To minimise bias and errors, data extraction was performed by one reviewer and checked by a second.
Study quality was assessed using the QUADAS-2 tool designed to assess quality of primary studies for risk of bias and concerns regarding applicability [17] . To be judged at low concerns regarding applicability of the patient population, studies had to enrol a general population of patients but exclude trauma patients. We were most interested in the NEWS score and so to be judged at low concerns regarding applicability of the index test the study had to have evaluated NEWS. As we were interested in a broad range of outcomes (reference standards) we did not assess the applicability of the reference standard. 
Screening

Data synthesis
Due to differences in outcomes and EWS assessed it was not possible to conduct a meta-analysis, hence a narrative synthesis is presented. We grouped studies by outcome assessed and EWS evaluated. We used forest plots to display estimates of AUC and of sensitivity and specificity together with 95% confidence intervals, separately for low, medium and high-risk thresholdslower EWS scores suggest lower risk. Major methodological problems or biases that affected the studies were considered. All analyses were performed in Stata 14 (StataCorp LP, College Station, Texas, USA).
Role of the funding source
The funders of the study had no role in study design, data collection, data analysis, data interpretation, or writing this report.
Patient involvement
This review was part of a larger project to evaluate early warning scores in pre-hospital settings. The NIHR CLAHRC West PPI health systems panel provided advice on early findings of the project and will help with implementation of findings.
Results
The searches identified 2026 hits of which 50 were considered potentially relevant and screened as full text articles ( Fig. 1 ). No studies compared pre-hospital settings that used EWS with settings that did not. Seventeen studies (157,878 participants) using EWS for predicting outcomes were included.
One study was conducted in a community nursing home; [18] all other studies evaluated EWS based on readings taken by ambulance staff. Five studies were available only as abstracts [18] [19] [20] [21] [22] . Thirteen studies were retrospective chart reviews/record linkage where EWS were calculated specifically for the study based on routinely collected data. One of these used a nested case-control design where EWS were only calculated for a subset of patients based on whether they had experienced an outcome of interest (ward, or ICU admission, death in ED or discharge) [23] . Three studies were prospective cohort studies and one used a case-control design. Studies were conducted in the UK [8, 9, 18, [23] [24] [25] , USA, [19, 21, 26, 27] , Ireland [28] , Germany [29] , Hong Kong [30] , China [31] , Finland [20] , Iran [32] , and New Zealand [22] . Sample sizes ranged from 101 [19] to over 57,647 [26] . EWS evaluated included NEWS (5 studies) [19] [20] [21] 23, 24] , MEWS (5 studies) [8, 18, [29] [30] [31] , PMEWS (3 studies) [9, 25, 32] , prehospital risk score (2 studies) [26, 27] , nzPHEWS (1 study) [22] , and Ph-ViEWS (1 study) [28] . Table 1 summarises the parameters included in each EWS, the maximum score and recommended thresholds for action. Mean or median age, where reported, ranged from 50 to 83 years and the proportion of men from 37 to 63%. Timing of EWS was not well reported. Several studies reported only that this was based on ambulance or prehospital service data. Six studies reported that the first set of pre-hospital values was used [8, 22, [25] [26] [27] 30] , and one that data were recorded "on the scene" [31] . A further study took two sets of EWS data, one calculated based on the first set of observations recorded by the ambulance personnel and one based on the last set of data before admission to ED [23] . An overview of included studies is provided in Table 2 .
All studies had limitations in study quality (Table 3 ). Overall, one study was judged low risk of bias [8] and four as unclear risk of bias; [20, 22, 25, 30] , all others were judged at high risk of bias. All studies had some concerns regarding applicability.
Six studies were judged at high risk of bias for patient selection [9, 18, 21, 23, 31, 32] . Four excluded certain patients potentially introducing bias [9, 18, 31, 32] . Restriction included those who had a final working diagnosis of a respiratory condition [9] , patients transferred to hospital (outcome was whether transfer to hospital was appropriate) [32] , patients who accepted treatment [31] and patients with single Table 1 Parameters used in studies of predictive ability of early warning scores in pre-hospital settings.
Name of scoring system
Parameters used in the scoring system 
MEWS = Modified
Early Warning Score; NEWS = National Early Warning Score; PMEWS = Pandemic Medical Early Warning Score [9] or physiological social score [25] or physiological-social modified early warning score [32] ; Ph-ViEWS = Prehospital applied VitalPAC™ Early Warning Score; nzPHEWS = New Zealand Prehospital Early Warning Score.
a For example, level of consciousness AVPU (alert, verbal, pain, or unresponsive status); consciousness (clear, responded to sound, responded to pain, no respond); or neurological (alert, confused/agitated, voice, pain, unconscious); Glasgow Coma Scale score. b nzPHEWS is based on New Zealand Early Warning Score but no details are reported in this abstract. We report parameters for New Zealand Early Warning Score from Health Quality & Safety Commission New Zealand [35] . Table 2 Characteristics of studies of the predictive ability of early warning scores (EWS) in pre-hospital settings. [9] or physiological social score [25] or physiological-social modified early warning score [32] . Ph-ViEWS = prehospital applied VitalPAC™ Early Warning Score. a In paper N = 215. b Calculated from critically/non-critically ill patient characteristics given in study.
c Kievlan [27] and Seymour [26] use the same parameters but scored differently.
# =Abstract only.
EWS measures only (i.e. repeated measures excluded) [18] . One study used a case-control design [21] and one selected a sample dependant on outcome [23] . All studies had high concerns regarding applicability of the patient population. Three studies were restricted to patients with respiratory problems [9, 25] , or sepsis registration [21] . Seven included trauma patients. [8, 20, [22] [23] [24] 29, 31] . One was restricted to patients with "internal pathology" (not further defined) and excluded those suspected to be mentally ill [32] , three excluded cardiac arrest and other conditions [26, 27, 30] . Two studies were restricted to high risk patients -with suspected severe sepsis [19] , or with Manchester triage system gradings of level 1 or 2-who would be expected to have higher EWS [28] . One was a nursing home population rather than the general population [18] .
Thirteen studies were judged at low risk of bias for interpretation of the index test. The other four were judged at unclear risk of bias as no information was available on whether the person interpreting the EWS was blinded to the outcome [9, 19, 21, 25] . Only five studies evaluated NEWS and were considered to have low concerns regarding applicability of the index test; [19] [20] [21] 23, 24] all other studies were judged as high concerns regarding applicability.
Most studies were judged at low risk of bias for how the reference standard (outcome) was assessed. One study was judged as high risk of bias as the outcome was subjective (need for hospital transfer) and assessed by a single specialist [32] . In the case-control study in which sepsis was the target condition, it was not clear that all the control group were sepsis free [21] .
Nine studies were judged at high risk of bias for the flow and timing domain because a large proportion (18%-31%) of eligible patients were not included in the analysis. An additional study was judged as high risk of bias as data were collected prospectively as part of routine care and so it was considered likely that any EWS would be acted on before outcomes were assessed [18] . One was judged as unclear risk of bias as the number of patients excluded due to incomplete records was not reported [30] . Three were judged as unclear as there was no information on whether the EWS score was acted on before the outcome was assessed.
Outcomes assessed were: death within various time frames; ICU admission; adverse event within 24 h or requiring lifesaving intervention; critical illness; appropriate emergency department attendance; hospital admission; need for hospital transfer; or sepsis (Table 4 ). Overall AUCs ranged from 0.5 (no CI reported) suggesting poor discriminatory performance to 0.89 (95% CI 0.82, 0.96) suggesting very good discriminatory performance (Fig. 2) . AUCs were generally higher (> 0.80) for prediction of mortality within short time frames (< 24 or < 48 h) or for combination outcomes that included both mortality and admission to ICU. However, one study that evaluated the predictive accuracy of NEWS for mortality within 24 h reported a much lower AUC of 0.5 [20] . This study was only available as an abstract but there were no clear differences between this study and other studies to explain this discrepancy in findings. Estimates of the AUC were also lower (0.60-0.80) for prediction of outcomes such as admission to hospital or ICU, and appropriate ED attendance. The study in the community nursing home reported lower AUCs than studies conducted in the ambulance service. This study evaluated mortality at 7 days, 30 days and 90 days with AUCs ranging from 0.53 to 0.63 [18] .
Studies that evaluated EWS assessed by ambulance service staff reported estimates of sensitivity and specificity (or data from which these could be calculated) for different thresholds. We grouped these into low (for ruling out deterioration), intermediate, and high (for ruling in deterioration). Seven studies reported estimates of sensitivity and specificity for very low thresholds (≥1) (Fig. 3a) . Estimates of sensitivity from these studies ranged from 94 to 100%, the two studies that assessed death within 48 h both reported estimates of sensitivity of 100%. This means that none of the patients that died within 48 h had an EWS of 0. A very small number of patients with an EWS of 0 died within 30 days, were admitted to ICU or had a critical illness. However, estimates of specificity were extremely low ranging from 0 to 13% meaning that many of the patients who were not likely to deteriorate had scores ≥1.
Estimates of sensitivity and specificity for the ability of EWS based on a "medium risk" threshold were available for ten studies (Fig. 3b ). Estimates of sensitivity ranged from 37% (prediction of critical illness; specificity 92%) to 87% (death in ED; specificity 60%). Estimates of All values are calculated from reported data, except for those marked with an asterix [*] which denotes insufficient data in paper to calculate and shows values extracted from paper. ‡ More than one outcome reported in this paper. a In paper N = 215. # Critical illness during hospitalization, defined as severe sepsis, delivery of mechanical ventilation, or death during hospitalization [26] or defined as an intensive care unit stay with delivery of organ support (mechanical ventilation or vasopressor use) [27] . AUC = Area under the curve. ED = Emergency Department. ICU = Intensive Care Unit. MEWS = Modified Early Warning Score. NEWS = National Early Warning Score. NR = not reported. PMEWS = Pandemic medical early warning score [9] or physiological social score [25] or physiological-social modified early warning score [32] . Ph-ViEWS = prehospital applied VitalPAC™ Early Warning Score. specificity ranged from 41% (prediction of hospital admission sensitivity 86%) to 92% (prediction of critical illness; sensitivity 37%). There was a clear trade-off between sensitivity and specificity with studies reporting higher estimates of sensitivity reporting lower estimates of specificity. These data are difficult to interpret but suggest that at this threshold it is difficult to rule in or rule out deterioration. Nine studies reported estimates of sensitivity and specificity for a "high risk" threshold ( Fig. 3c) . Two studies evaluated NEWS where scores ≥7 indicate that a patient is at high clinical risk [23, 24] . Estimates of specificity were high (≥83%) with some studies reporting 100% specificity. Estimates of sensitivity were lower (0%-78%), with the lowest values for the studies reporting 100% specificity.
Discussion
Summary of findings
We conducted a comprehensive systematic review on the evidence for use of EWS in pre-hospital settings. All included studies were conducted in the ambulance service apart from one conducted in a community nursing home. We did not find any studies in general practice, community or mental health settings. All studies used or reported data that could be adapted to an "accuracy" framework, looking at the number of people with each EWS who did or did not experience the outcome of interest and using these data to generate an ROC curve. Some studies also provided data on sensitivity and specificity at EWS thresholds. We did not find any studies that compared a pre-hospital setting using EWS with one that did not. Although there was variation across studies, AUCs generally suggested reasonable discriminatory performance for mortality at 48 h or combination outcomes that included mortality. Predictive performance was lower for longer term mortality and for other outcomes such as admission to ICU/hospital. The study conducted in a community nursing home suggested EWS do not perform as well in this setting as in the ambulance setting. This could suggest that EWS are not appropriate for use in this setting, or that EWS are less predictive of longer term outcome measures such as 7, 30 and 90-day mortality.
The studies suggested that patients with a score of 0 are very unlikely to deteriorate, and patients with high scores (NEWS ≥ 7) were more likely to deteriorate. No patient with a score of 0 died within 48 h of admission. Intermediate scores were harder to interpret. Overall the data suggests that EWS do distinguish between patients who are and are not likely to deteriorate, but only at more extreme values. Fig. 2 . Area under the curve, AUC (95% CI). All values are calculated from reported data, except for those marked with an asterix [*] which denotes insufficient data in paper to calculate and shows values extracted from paper. # Critical illness during hospitalization, defined as severe sepsis, delivery of mechanical ventilation, or death during hospitalization [26] or defined as an intensive care unit stay with delivery of organ support (mechanical ventilation or vasopressor use) [27] . ED = Emergency Department. ICU = Intensive Care Unit. MEWS = Modified Early Warning Score. NEWS = National Early Warning Score. PMEWS = Pandemic medical early warning score [9] or physiological social score [25] or physiological-social modified early warning score [32] . Ph-ViEWS = prehospital applied VitalPAC™ Early Warning Score. Fig. 3 . (a) Sensitivity and specificity (95% CI) at low (≥1) threshold levels. (b) Sensitivity and specificity (95% CI) at medium threshold levels. (c) Sensitivity and specificity (95% CI) at high threshold levels. All values are calculated from reported data, except for those marked with an asterix [*] which denotes insufficient data in paper to calculate and shows values extracted from paper. # Critical illness during hospitalization, defined as severe sepsis, delivery of mechanical ventilation, or death during hospitalization [26] or defined as an intensive care unit stay with delivery of organ support (mechanical ventilation or vasopressor use) [27] . ED = Emergency Department. ICU = Intensive Care Unit. MEWS = Modified Early Warning Score. NEWS = National Early Warning Score. PMEWS = Pandemic medical early warning score [9] or physiological social score [25] or physiological-social modified early warning score [32] . Ph-ViEWS = prehospital applied VitalPAC™ Early Warning Score.
Strengths and weaknesses of this review
This review followed accepted guidance for the conduct of robust systematic reviews [14] . In order to identify as many relevant studies as possible and reduce the risk of publication bias, we used a very sensitive search strategy and searched across an extensive range of resources. Both published and unpublished studies were eligible for inclusion and we included five studies available only as abstracts. We did not statistically assess publication bias as formal assessment of publication bias in systematic reviews of predictive accuracy studies remains problematic and reliability is limited [13] . The extent to which publication bias occurs in predictive accuracy studies is unclear; however, simulation studies have indicated that the effect of publication bias on metaanalytic estimates of test accuracy is minimal [33] . We therefore consider it unlikely that the results of our review have been substantially influenced by publication bias. All stages of the review process involved two reviewers minimising bias and errors. We used the QUADAS-2 tool to assess the risk of bias and applicability of included studies. This highlighted a number of methodological weaknesses in the included studies such as exclusion of certain patients from the study or the analysis, lack of information on blinding, and potential acting on EWS which would be expected to impact patient outcomes and therefore bias estimates of accuracy. Potential limitations of the applicability of studies included restriction to certain patient groups such as those with sepsis, respiratory problems or high-risk patients, and evaluating different EWS. This variation in patient study groups will particularly affect the ability to identify the predictive value of EWS with intermediate scores.
Comparison with previous literature
We are aware of one systematic review that evaluated EWS in prehospital settings [34] , restricted to studies conducted in the ambulance/emergency medical settings but used a broader definition of EWS than our review, including studies on disease-specific EWS and single item EWS. The review included eight studies, five of these would not have been eligible for inclusion in our review as they assessed sepsis specific screening tools (n = 3), individual physiologic variables rather than aggregate weighted track and trigger systems (n = 1), or a "pragmatic" alert (n = 1). A further study was included in our review as it was possible to extract data on the predictive performance of MEWS but was included in the other review as its primary objective was to develop a new EWS for identification of sepsis [29] . Only two papers were included in both reviews [8, 24] . There is therefore little overlap between our systematic review and the previous review.
Unanswered questions and future research
This review has provided information on the predictive accuracy of EWS in pre-hospital settings. However, it is questionable whether an accuracy framework is the most appropriate method for evaluating EWS. EWS are "track and trigger" systemsthey encourage action to be taken based on different EWS thresholds. In order to produce unbiased estimates, accuracy studies require that the index test (in this case EWS) are not acted upon prior to application of the reference standard (in this case the outcome of interest, usually mortality). If EWS are acted upon then we would expect this to impact on the outcome, such that the risk of experiencing the outcome is reduced. This would result in a biased estimate of the predictive accuracy of EWS. We considered this as part of our quality assessmentas most studies calculated EWS retrospectively this was not generally a problem in the studies included in our review. Our key question was "Can EWS correctly identify patients who are likely to deteriorate?" In out of hospital settings this is likely to be linked to whether using EWS is better at prioritising care for patients than clinical judgement alone. If EWS are not prioritising appropriate patients for more urgent assessment and intervention, there is a risk that resources may be targeted at patients unlikely to deteriorate whilst those at risk of deterioration may not receive appropriate care.
The optimum design to evaluate EWS is likely to be a cluster randomised trial where settings such as GP surgeries, out of hours providers or ambulance services, are randomised to either use an EWS combined with clinical judgement or clinical judgement alone with comparison of outcomes. If appropriate, settings could use EWS at multiple time points from first assessment until discharge with control settings not using EWS. The optimum outcome measure is unclear. Evidence from our review suggest that short term mortality may be appropriate, but since only a very small proportion of patients assessed in out of hospital settings are likely to die, this would require a very large sample size. Other potential outcomes include incidence of sepsis, admission to hospital or escalation of care. In the out of hospital setting 'time to appropriate care' could be a new measure which would reflect escalation of care for a sick patient. The difficulty in conducting such a study is that EWS are now used routinely in almost all hospital settings and in many out of hospital settings. It is therefore likely to be very difficult if not impossible to conduct a randomised trial. Alternatives rely on comparing routinely collected data in areas that do and do not use EWS and to conduct qualitative research on health professionals experience of using EWS. We are currently undertaking work in this area.
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